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摘 要 
大口径自由曲面光学元件广泛应用于强激光装置、大型天文望远镜、卫星用
光学系统等大中型光学系统中，随着国家重大光学工程及国防尖端技术对它们的
需求量越来越大，实现大口径自由曲面光学元件的高效、高精度加工是光学元件
制造领域需要解决的关键问题。抛光加工作为大口径自由曲面光学元件超精密加
工的一个重要工序，其材料去除效率、加工精度以及加工表面纹理控制等对光学
元件的最终质量有重要影响。气囊抛光技术采用具有一定充气压力的柔性橡胶气
囊作为抛光工具，通过选取不同的工艺参数（如气囊充气压力、气囊压缩量、主
轴转速、气囊头直径）可以有效地控制抛光材料去除效率以及对光学表面误差确
定性地去除，从而获得高质量的大口径光学元件，因此，气囊抛光技术是一种适
用于大口径自由曲面光学元件精密加工且极具潜力的加工方法。 
本文针对大口径自由曲面光学元件气囊抛光加工的特点，研究气囊抛光装备
的精度控制技术以及气囊抛光光学表面中频误差的控制技术，主要研究内容有： 
1. 针对自由曲面光学元件高效抛光加工的需求以及气囊进动抛光运动的特
点，进行 5 轴联动气囊抛光机床的机械结构设计，并安装调试 5 轴联动气囊抛光
机床；对机床的关键部件进行有限元分析结构优化；确定机床几何精度的检验方
案，对龙门结构的几何精度进行检验，并提出一种基于球杆仪的气囊抛光工具几
何误差检测方法。 
2. 进行五轴气囊抛光机床误差源及误差运动学分析，明确机床的机构特征
与各运动轴之间的运动关系，通过机床各运动副之间运动关系的齐次坐标变换，
建立五轴联动气囊抛光机床的空间误差模型；使用球杆仪对气囊抛光工具的几何
误差进行检测，并对机床的联动运动误差进行补偿。 
3. 根据大口径光学元件中频误差辨识方法存在的不足，利用经验模态分解
和WVD时频分析方法，提出了基于经验模态分解-Wigner的中频误差评价方法，
实现中频误差辨识方法的进一步完善。 
4. 为了获得影响光学元件表面中频误差的理论依据，对不同去除函数、抛
光加工方式进行仿真分析；基于卷积频谱分析，提出一种高效抛光中频误差控制
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策略；同时，结合光学元件面形的特点，提出三种在高效气囊抛光加工中改善中
频误差的加工路径。 
5. 针对气囊抛光头在下压受力呈现 M 形去除的特点，对 M 形去除函数的
形成原因、去除效率以及对光学表面中频误差控制的影响进行了重点讨论，确定
M 形去除函数在高效气囊抛光加工中的适用性。 
 
关键词 气囊抛光；空间误差；去除效率；中频误差；M 去除函数
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Abstract 
Large free-form optical lens are widely applied to large and medium-sized 
optical systems, such as the high energy laser systems, large astronomical telescopes, 
optical system in satellites. As the requirement of the major national science and 
technology project and the national defense technology have increased, the 
implementation of large free-form optical lens with high efficiency, high precision 
machining is the key problem of the optical lens manufacturing to be solved. 
Polishing is an important machining process in large free-form optical lens 
ultra-precision manufacturing. The material removal rate, machining accuracy and 
surface texture control have great influences on the final quality of the optical lens. 
Bonnet polishing technology, which uses an inflated and flexible rubber bonnet as 
polishing tool, is proposed to control the material removal rate and the deterministic 
remove surface error for obtaining high quality large optical lens. So, Bonnet 
polishing technology is a suitable method of large free-form optical lens 
manufacturing. 
In this paper, according to the characteristic of the large free-form optical lens in 
bonnet polishing, the bonnet polishing machine tool volumetric error control 
technology and optical surface mid-spatial frequency error control technology have 
been researched, the main research cotents are as follows: 
1. According to the requirement of free-form optical lens in high efficiency 
bonnet polishing and bonnet precession polishing motion, a 5-axis linkage bonnet 
polishing machine tool has been under structure design, installation and debugging. 
The key components are taken the analysis of structure optimization by ANSYS. As 
the test standard of geometric accuracy of the machine tool determined, the geometric 
accuracy of the gantry structure has been carried out, and then a geometric error test 
method of bonnet polishing tool is proposed based on double ball bar. 
2. With the kinematics analysis of the bonnet polishing manchine tool error 
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resource and errors, the structure characteristic and motion relationhship between axis 
are defined. A volumetric error model of the 5-axis bonnet polishing machie is 
established through the homogeneous coordinate transformation of the motion 
relationship.As the geometric errors of bonnet polishing tool are test with double ball 
bar, the linkage errors of the machine tool are compensated. 
3. As the limitation of identification method of the large optical lens mid-spatial 
frequency error, for improving the indentification method, a new identification 
method called EMD-WVD method is proposed with the advantage of empirical mode 
decomposition and Wigner-Ville distribution method. 
4. The simulation analysis of various removal function and polishing process is 
presented to get the theory basis of the influence of the mid-spatial frequency error on 
optical surface. Based on spectrum analysis of the convolution, a mid-spatial 
frequency error control strategy is proposed. Then, according to the figure of the 
optical lenss, three new polishing paths to improve the mid-spatial frequency error 
used in high efficiency polishing are developed. 
5. Specific to the fact that when bonnet tool is pressed the removal shape 
becomes M shape, the reasons for the formation of M shape removal function, the 
material removal rate as well as to the influence on the optical surface mid-spatial 
frequency error controlling are foucused on, the applicability of M shape removal 
function used in high efficiency polishing is verified. 
 
Key Words: Bonnet Polishing; Volumetric Error; Material Removal Rate; 
Mid-spatial Frequency Error; M Shape Removal Function 厦
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